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Abstract Pyruvate oxidase (PyOD) is a very useful
enzyme for clinical diagnostic applications and environ-
mental monitor. Optimization of the fermentation medium
for maximization of PyOD constitutively, production by
Escherichia coli DHS5a/pSMLPyOD was carried out.
Response surface methodology (RSM) was used to opti-
mize the medium constituents. A 2°7 fractional factorial
design (first order model) was carried out to identify the
significant effect of medium components towards PyOD
production. Statistical analysis of results shows that yeast
extract, ammonium sulfate and composite phosphate were
significant factors on PyOD production. The optimized
values of these three factors were obtained by RSM based
on the result of a 2* central composite rotatable design.
Under these proposed optimized medium, the model
predicted a PyOD activity of 610 U/L and via experi-
mental rechecking the model, an activity of 670 U/L was
attained.

Keywords Pyruvate oxidase - Recombinant E. coli -
Medium optimization - Response surface methodology
Introduction

Pyruvate oxidase (PyOD, EC1.2.3.3) is a homo-tetrameric

flavoenzyme. Each subunit contains one tightly and non-
covalently bound FAD, thiamin diphosphate (ThDP), and

J. Zhao - Y. Wang - J. Chu - S. Zhang (<)) - Y. Zhuang -
Z. Yuan

State Key Laboratory of Bioreactor Engineering,

East China University of Science and Technology,
200237 Shanghai, People’s Republic of China

e-mail: ecustslz@163.com

Mg2* for anchoring the diphosphate moiety of ThDP [19].
In the presence of phosphate and oxygen, PyOD catalyzes
the oxidative decarboxylation of pyruvate, yielding
hydrogen peroxide, carbon dioxide, and acetyl phosphate
[20]. These characteristics make it a very useful enzyme
for clinical diagnostic applications and environmental
monitor. Combined with peroxidase, it has been used to
determine the alanine transaminase (ALT) and aspartate
transaminase (AST) in blood [18] and phosphate ion in
river water [13] and wastewater [7]. Up to now, however,
commercial product of PyOD is usually produced by
conventional cultivation of the wild Lactobacillus lanta-
rum or Aerococcus viridans strain and isolation of the
secreted enzyme. These lead to the lower level of pro-
duction (120 U/L) [4].

Escherichia coli is the most commonly used host for
heterologous protein production. Because of the availability
of well-established technologies for genetic manipulation
and cultivation, a variety of therapeutic proteins have been
successfully expressed in recombinant E. coli [5, 6, 10]. For
pyruvate oxidase (PyOD), Lorquet et al. [11] had cloned the
pyruvate oxidase gene (LP-PyOD) from L. plantarum Lp80
and investigated its expression characteristics by recombi-
nant E. coli cell, but the expression level of PyOD was very
low (0.23 U/mg). We have cloned the pyruvate oxidase gene
from Aerococcus viridans ATCC10400 (AvPyOD) into the
vector pSML104, then transformed the plasmid pSMLPyOD
into E. coli DH5a. The recombinant pSMLPyOD/DHS5«
could express PyOD constitutively. Up to our knowledge,
there are no reports on the mass production of PyOD from
the recombinant E. coli.

The optimization of fermentation medium is an impor-
tant problem in the development of economically feasible
bioprocesses. Conventional practice of one-factor-at-a-time
does not depict the combined effect of all the factors
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involved. It is also a time consuming process and requires a
number of experiments [15]. Statistical methods through
factorial experimental designs offer the simultaneous study
of many factors and allow the study of interactive effects of
many factors together and facilitate the prediction of the
response for the values of factors not tested in the experi-
ment. Response surface methodology (RSM) is a three
factorial design that gives relationship between one or
more measured dependent responses with a number of
input (independent) factors. Response surface methodology
(RSM) has some advantages that include less experiment
numbers, suitability for multiple factor experiments, search
for relativity between factors, and finding of the most
suitable condition and forecast response [2]. Recent years,
fractional factorial designs (FFD) and RSM, which are
statistical techniques for designing experiments, building
models, evaluating the effects of factors and searching for
the optimum conditions, have successfully been employed
for screening significant factors and optimization the
medium composition in many bioprocess [1, 3, 8, 9, 12, 14,
16, 17].

The objective of the present study was to optimize the
medium for PyOD production by recombinant E. coli using
shake flask method. The first stage of this work involved a
fractional factorial design for simultaneously screening up
to six factors. Then RSM was used to optimize the sig-
nificant factors screened by the first stage.

Materials and methods
Plasmid and expression system

The recombinant plasmid pSMLPyOD was constructed in
our laboratory. Escherichia coli DH5« was used as the host.
The pyruvate oxidase gene was isolated from A. viridans
ATCC10400 (AvPyOD) and cloned into the expression
vector pSML104 to generate a N-terminus His-tagged
fusion expression plasmid pSMLPyOD, then transformed
into E. coli DH5a. The recombinant DH50/pSMLPyOD
expressed heterogeneic pyruvate oxidase (PyOD) constitu-
tively without the induction of IPTG.

Medium and culture conditions

The recombinant E. coli DH50/pSMLPyOD cells kept in
20% glycerol (—80 °C) were transferred into a 500 mL
Erlenmeyer flask with 100 mL LB broth consisting of
10 g/L peptone, 5 g/L yeast extract and 10 g/L. NaCl with
50 mg/L tetracycline, and were grown overnight on an
orbital shaker with 220 rpm agitation at 37 °C. This culture
was used as seed culture.

@ Springer

For all experiments, batch cultures were carried out in
250 mL Erlenmeyer flask with 30 mL medium as per
experiment design. These flasks were inoculated with 10%
seed culture and grown 24 h on an orbital shaker with
220 rpm agitation at 37 °C. The pH of the medium was
pre-adjusted to 7.0 before sterilization. For all experiments,
culture mediums were added 50 mg/L tetracycline after
sterilization.

Analytical methods
Preparation of crude enzyme

Crude cell extracts were prepared from 10-mL culture
broth. About 20 mg lysozyme (chicken egg, 10,000 U/mg)
was added to 10-mL culture broth, thoroughly mixed and
stood 10 min at room temperature. The mixture was then
frozen and thawed three times repeatedly. The lysate was
centrifuged, and the pyruvate oxidase activity in superna-
tant was measured.

Pyruvate oxidase assay

Pyruvate oxidase was determined as described by Tao [18].
One unit is defined as the amount of enzyme which gen-
erates 1 pmol H,O, per minute at 37 °C.

Fractional factorial designs

Experimental designs were carried out using Design Expert
Software (Stat-Ease Inc., Minneapolis, MN, USA, Version
6.04). A 22 fractional factorial designs (FFD) was used
to investigate the statistical significance of the factors of
glycerol, peptone, yeast extract, ammonium sulfate, com-
posite phosphate (K,HPO4:Na,HPO4:KH,PO, = 1:2:1)
and trace element solution (containing per liter: FeS-
04 7H,0, 12.8 g; ZnSO47H,0, 2.84 g; CuSO4-5H,0,
1.6 g; MnSO4H,0, 3.2 g; CaCl,, 0.28 g; CoCl,-6H,0,
1.6 g; H3BOy, 0.24 g; Na,MoO,, 12.8 g; KI, 0.16 g) on the
pyruvate oxidase production by recombinant E. coli DH5a/
pSMLPyOD. A total of 20 sets experiments containing four
central points were employed (Table 1). In FFD, statistical
designs are always expressed in coded values for conve-
nience. Low and high level were coded as —1 and +1, the
midpoint was coded as 0 [17]. The relation between the
coded values and actual values were described as in the
following equation:

Xp =75 (1)

where X; is the independent variable coded value, x; is the
independent variable actual value, x, is the independent
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Table 1 Experimental design

and results of 22 fractional Runs Code levels PyOD activities (U/L)
factorial designs X X> X3 X4 Xs Xe Experiment Predicted
1 —1.00 1.00 1.00 1.00 —1.00 1.00 386 383.60
2 —1.00 1.00 —1.00 1.00 1.00 —1.00 293 296.77
3 1.00 1.00 1.00 —1.00 1.00 —1.00 467 464.60
4 1.00 —1.00 1.00 —1.00 —1.00 1.00 500 495.82
5 1.00 1.00 —1.00 —1.00 —1.00 1.00 250 254.17
6 —1.00 —1.00 1.00 1.00 1.00 —1.00 410 405.82
7 —1.00 —1.00 —1.00 —1.00 —1.00 —1.00 261 258.60
8 —1.00 —1.00 1.00 —1.00 1.00 1.00 450 454.17
9 1.00 —1.00 1.00 1.00 —1.00 —1.00 406 410.17
10 1.00 —1.00 —1.00 1.00 1.00 1.00 211 208.50
11 —1.00 —1.00 —1.00 1.00 —1.00 1.00 211 213.10
12 —1.00 1.00 1.00 —1.00 —1.00 —1.00 391 393.40
13 —1.00 1.00 —1.00 —1.00 1.00 1.00 292 287.82
14 1.00 1.00 1.00 1.00 1.00 1.00 444 446.40
15 1.00 1.00 —1.00 1.00 —1.00 —1.00 230 225.82
16 0.00 0.00 0.00 0.00 0.00 0.00 400 393.75
17 0.00 0.00 0.00 0.00 0.00 0.00 380 393.75
18 0.00 0.00 0.00 0.00 0.00 0.00 395 393.75
19 0.00 0.00 0.00 0.00 0.00 0.00 400 393.75
20 1.00 —1.00 —1.00 —1.00 1.00 —1.00 260 262.40

variable actual value on the center point and Ax; is the step
change value. The range and the levels of the factors were
shown in the form of both coded values and natural values
(Table 2).

Settings of range and the levels for factors were based
on the investigation of single factor, our previous labora-
tory experience, and information published in the scientific
literature.

Central composite design
Based on the results of the fractional factorial design, the

experiment was further expanded to a central composite
design. The significant factors identified from FFD, Yeast

Table 2 Factors and coded values of FFD

Factors Level of factors

-1 0 +1
Glycerol (x;, g/L) 5 10 15
Peptone (x,, g/L) 10 15 20
Yeast extract (x3, g/L) 5 10 15
Ammonium sulfate (x4, g/L) 4 7 10
Composite phosphate (xs, g/L) 2 4 6
Trace element solution (xg, mL/L) 1 1.25 1.5

extract (x;), ammonium sulfate (x,), composite phosphate
(x3) were chosen as major factors. Other factors, which did
not influence PyOD production significantly, were kept at
constant level (glycerol, 10 g/L, peptone, 15 g/L and trace
element solution 1.25 mL/L, respectively). A 2>-factorial
rotatable central composite design (CCD) with six star
points (o = 1.682) and six replicates at the center points
(np = 6) leading to a total number of 20 experiments was
employed to optimize the medium composition for PyOD
production. Design Expert software was applied to analyze
the obtained results. The quadratic model for predicting the
optimal point was express as follow:

y = Bo+ BXi + BoXo + B3Xs + B X7 + BXs + PasX3
+ B1oX1Xo + B13X1 X5 + B3 Xa X3

(2)

where y is the response variables, X, X, and X3 are coded
level of independent variables, f3, is the intercept term, [y,
P> and f3 are linear coefficients, f11, f and f33 were
quadratic coefficients, f;,, f;3 and f,; are interactive
coefficient. The statistical significance of the second-order
model equation was determined by F-value and the pro-
portion of variance explained by the model obtained was
given by the multiple coefficient of determination, R>.

The optimal values of these factors were determined by
response surface and point prediction with Design Expert
software.
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Results and discussion
Fractional factorial design

The significance of glycerol (x;), peptone (x,), yeast extract
(x3), ammonium sulfate (x4), composite phosphate (xs5) and
trace element solution (xs) were determined using 262
fractional factorial design. Coded values of factors, design
and results of were shown in Table 1. ANOVA was
employed for the determination of significant variables. On
the basis of these experimental values (Table 1), statistical
testing was carried out using Fisher’s statistical test for
ANOVA.

The regression models can be applied in screening
crucial and critical medium components. A linear regres-
sion equation [Eq. (3)] was obtained from analysis of
variance, and all terms regardless of their significance was
included in the following equation:

PyOD (U/L) = 41.32 + 4.66X, + 2.75X, + 90.42X;
— 17.55X, + 11.99Xs5 + 1.62X,
—0.99X,X, + 17.84X, X5 — 5.71X, X,
— 125X, X5 + 3.61X,Xe + 11.62X,X,
~2.7X:Xs. (3)

Since the F-value and P-value of the model were 126.31
and 0.0001, respectively (Table 3), the estimated models fit
the experimental data adequately. The coefficient of
determination R® of the model was calculated to be
0.9970 indicating that the model able to comprehend a
99% of the data variability.

As seen from the ANOVA analysis results (Table 3), the
F test values for factors of yeast extract (x3), ammonium

Table 3 Regression analysis of the 262 fractional factorial design

Factors Coefficient Estimate F-value P-value
Model 341.32 126.31 <0.0001
X1 4.66 3.83 0.1078
Xo 2.75 1.33 0.3006
X3 90.42 1439.95 <0.0001
Xy —17.55 54.24 0.0007
Xs 11.99 25.31 0.0040
X¢ 1.62 0.47 0.5256
X1X2 —0.99 0.17 0.6958
X1X3 17.84 56.03 0.0007
X1 X4 —-5.71 5.75 0.0618
X1X5 —12.50 27.52 0.0033
X1 X6 3.61 2.30 0.1900
XoXy4 11.62 23.80 0.0046
XoXg —-2.70 1.28 0.3086
R* = 0.9970

@ Springer

sulfate (x4), composite phosphate (xs), interactions of x;xs,
X1Xs, Xox4 were above the 1% level significant. Other fac-
tors in the medium such as glycerol, peptone, trace element
and interactions of x;x,, x x4, X1Xg, XoXe did not affect the
PyOD production significantly. The significances of each
term were also shown in the half normal plot (Fig. 1).
Thus, the concentration of yeast extract (x3), ammonium
sulfate (x4) and composite phosphate (xs) are significant
factors affecting PyOD production of the recombinant
DHS50/pSMLPyQOD, especially the concentration of yeast
extract (P-value <0.0001).

In addition, the “Curvature F-value” of 96.80 implies
there is a significant curvature (as measured by difference
between the average of the center points and the average of
the factorial points) in the design space. So there is no need
to do a steepest ascent experiment.

Central composite design

Based on the result of initial fractional factorial design, the
concentration of yeast extract, ammonium sulfate and
composite phosphate were further optimized using a
rotatable central composite design. Experimental design
and results are shown in Table 4.

Using Design Expert software, a full second-order
polynomial model for the PyOD production was obtained
from regression analysis of results of central composite
design (X;, X,, X3 represent yeast extract, ammonium
sulfate and composite phosphate):

99 —
o 97— Bg
2 g0 3 " AC
= =
2 853 up
S~ 80 - B AE
T [
g 70- u ED
S 604 o A’*FD
s B A
T 40 -
T F
20 - B
[ =
T T T T T
0.00 4521 90.42 135.64 180.85
|Etfect]

Fig. 1 The half normal plot for 26 fractional factorial design (A4, B,
C, D, E, F represent xy, X, X3, X4, X5, Xg, respectively)
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Table 4 Design and results of central composition design

Run Level of variables (g/L) PyOD activities (U/L)

Yeast Ammonium Composite Experiment Predicted

extract sulfate (X,) phosphate

Xy X3)
1 14.00 2.00 8.00 600 601.60
2 12.00 4.00 2.64 382 360.00
3 12.00 4.00 6.00 587 586.39
4 14.00 2.00 4.00 447 480.50
5 10.00 6.00 8.00 576 528.41
6 14.00 6.00 8.00 500 471.30
7 12.00 4.00 6.00 600 586.39
8 14.00 6.00 4.00 410 403.84
9 12.00 4.00 9.36 556 598.44
10 12.00 4.00 6.00 580 586.39
11 12.00 4.00 6.00 578 586.39
12 8.64 4.00 6.00 387 414.51
13 12.00 4.00 6.00 599 586.39
14 10.00 2.00 8.00 545 536.60
15 10.00 6.00 4.00 382 365.66
16 12.00 4.00 6.00 578 586.39
17 12.00 0.64 6.00 542 510.95
18 10.00 2.00 4.00 306 320.21
19 15.36 4.00 6.00 508 501.19
20 12.00 7.36 6.00 388 439.67

PyOD (U/L)=586.39+25.80X; —21.21X, +70.96X3
—45.54X7 —39.36X5 —37.97X3 —30.53X, X,
—23.82X, X5 — 13.41X,X5. (4)

The model adequacy was checked by F test and the
determination coefficient R*. The high F-value (14.67) and
a very low probability (P > F = 0.0001) indicated that the
present model was in good prediction of the experimental
results. Therefore, the obtained mathematical model was
adequate. In addition, the goodness of fit of the model was
expressed by the coefficient of determination R* (0.9296),
indicating that 92.96% of the variability in the response
could be explained by the model or only about 7.04% of
the total variation were not explained by the model.

Effects of concentration of yeast extract, ammonium
sulfate and composite phosphate on the PyOD production
were further analyzed by the response surface plot (Fig. 2).
All the response surfaces could be analyzed for determin-
ing the optimized value of the factors, but it was difficult to
analyze all these simultaneously. Design Expert software
could be used to determine the optimum values of these
factors [16]. By the Design Expert software, the optimal
concentration of yeast extract, ammonium sulfate and

PyOD (UL)

14.00

577.774

528.614

479.454

430.204

PyOD (ULL)

Fig. 2 Response surface plot showing relative effect of two nutrient
parameters on PyOD production while keeping other at constant level
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composite phosphate were calculated to be 12.67, 4.06, and
6.96% (wl/v), respectively. The maximum response pre-
dicted from the model was 610 U/L. To confirm the
predicted optimization medium, validated experiment was
performed using the optimized medium, and an average
670 U/L of PyOD production was obtained. So the model
was proven to be adequate. The final composition of
medium optimized was (L): glycerol, 10 g; peptone, 15 g;
yeast extract, 12.67 g; ammonium sulfate, 4.06 g; com-
posite phosphate, 6.96 g; trace element solution, 1.25 mL;
NaCl, 10 g.

Conclusion

The fractional factorial design and central composite
design could be used to screen the significant factors and
optimize the medium composite for pyruvate oxidase
production by the recombinant E. coli DH5¢/pSMLPyOD.
Three factors, yeast extract, ammonium sulfate and com-
posite phosphate were proved to be significant factors
influencing the pyruvate oxidase production by the
recombinant E. coli DH5¢/pSMLPyOD. The optimized
medium was obtained and the pyruvate oxidase production
was increased to 670 U/L, which was 2.2 times as that
before optimization.
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